Abstract. The response ability and robust performance of carrier based aircraft landing control system are very high. The existing literature has not considered the discrete sampling of carrier landing control, but in fact the discrete sampling has a great influence on the control performance of the system. In this paper, the error state of the discrete linear system is expanded, and the controller is obtained from the error expanded system. This method is used to design the landing continuous dynamics optimal controller under sampling. The simulation results show that the system has good control effect on initial height deviation correction, ship air wake suppression and model perturbation suppression. And its steady-state accuracy, dynamic performance and robustness are much stronger than the carrier landing engineering PID control, even though PID control has no sampling in simulation. The backside area of landing drag curve and the direct force effect of the elevator will each cause two non-minimum phase zeros for the aircraft dynamics. The sampling optimal control method can eliminate the two zero points, while the PID control can only eliminate the former zero point.
Introduction
Carrier landing is the most challenging among all aircraft flight phases. Aircraft hold high AOA and low speed, difficult to manipulate, disturbed by air wake and aircraft dynamic perturbation. Many requirements are very high like response capability, robust performance, landing accuracy in carrier lading. There are many methods to design carrier landing control law.Subrahmanyam [1] , Yu Y [2] designed F/A-18A automatic Carrier Landing System using H-infinity control, and results showed that the error of track is small. The mixed H2/Hinf control technique is employed to develop controllers for automatic landing systems [3] . Hinf/H2 LPV model reference control during powered approach was researched in landing [4] . Intelligent control approach was applied in landing control, like fuzzy fuzzy logic method [5] , fuzzy logic and neural network methods [6] . Zhen Z Y summarized the research on the development of carrier landing guidance and control up to the minute [7] .
The existing literature does not consider the problem of discrete sampling of carrier landing control, but in fact discrete sampling has great influence on the control performance of the system, like stability. In this paper, the error state of the discrete linear system is expanded, and the controller is obtained from the error expanded system. This method is used to design the landing continuous dynamics optimal controller under discrete sampling.
Optimal Control of Discrete Error Expanded System
Consider the following discrete system:
x k is the state variable, ( ) u k is the control input. Define the cost function:
Where, A is a n n × order matrix, B is a n r × order matrix, Q is a n n × order non-negative definite matrix; H is a r r × order positive definite matrix, and ( , A B ) is controllable and ( 1/2 , Q A ) is observable. The optimal control input making formula (2) minimal is:
Where:
. P is a positive definite matrix satisfying the following Riccati equation. 
There are two problems in the control strategy above: (1) the actual target signal may not be zero; (2) the state feedback control adopts the proportional strategy, but does not have the integral strategy, so the steady-state error can not be guaranteed zero. The error expanded system would be used to solve these problems.
The error signal is defined as:
is the output vector, and ( ) t w k R ∈ is the disturbance input. The first order difference of the error ( ) e k :
The first order difference of the error ( ) (7) and (8):
The definitions are
In order to simplify the derivation, the assumption is that ( ) r k and ( ) w k are fixed values (such as step signal), or their change rate is very slow, then ( 1) r k ∆ + , ( ) w k ∆ can be considered zero. There is always a generalized system:
can let that error expanded system (11) is stable in the effect of disturbance, then ( ) 0 X k → , then ( ) 0 e k → too. Define the cost function:
Therefore, the corresponding robust optimal input of the error expanded system is obtained by formula (1), (3), (10):
P is the positive definite solution of the Riccati equation:
The full state feedback is further obtained from the formula (13) in zero initial state:
Equation (15) contains the integral part, so for the step control or interference input, System can make the steady-state error is zero.
Controller Design
Using the F-18 model [1] : 0.0000 0.0000 0.0000 1.0000 0.0000 0.0218 1.1660 0.0000 0.2544 0.0000 0.0000 1.0000 1.0000 0.0000 0.0000
0.0121 0.0721 0.0000 1.8150 0.0000 0.2316 0.0338 0.0000 0.0023 0.0000 α is the incremental AOA in radians due to wind.
Although the dynamics of the aircraft is a continuous model, but because the actual control system can only sample object's state and output, so, from the point of view of the controller, the object is a discrete model. Therefore, the discrete-time model is used to design the control law. From the reference [9] , the general flight control system sampling time is slightly less than 0.1 s, so here, let the sampling time be 0.1 s. By using the c2d function in MATLAB, the object can be transformed into a discrete model.
Consider the cost function, Q is related to the state energy, while R is in connection with the control input energy. Reducing the state energy will cause the required control signal to increase and a small control signal will cause a large state deviation. So a compromise is required.
(2, 6,3, 2, 7,5) 
In Fig. 1 , the controller, aircraft continuous model and sampling function were connected to simulate, in which the sampling function is PID control method is designed for Comparison with above control method. The system (16) has a pair of conjugate positive poles. The elevator-to-height channel has two non-minimum phase zeros which brings the difficulty of height control, the first positive zero due to the direct force effect of the elevator, and the second one because of the backside area of landing drag curve. From the control principle, the feedback control of the elevator channel can not eliminate the two positive zero, unless the use of a controller with positive poles to eliminate, but this will make the controller unstable. Therefore, The second positive zero can be eliminated, only by introducing AOA or speed signal feedback to the throttle channel. In Fig. 2 , The engineering control structure is used, and the parameters are tried to make the system achive the best performance. In the elevator channel, the inner loop is used to pitch angle control, which PID1 parameters are:
The outer loop is applied to height control, which PID3 parameters are:
Throttle is used to control speed, which PID2 parameters are:
10, 0, 0 Figure 2 . Carrier landing engineering PID control structure.
Simulation
Carrier landing simulation time is 56.3 s, the height deviation of 5 m is given at the beginning of simulation, and the air wake interference (as is shown in Fig. 3) is encountered in the last 12.5 s. The simulation results are shown in Fig. 4 . It can be seen from Fig. 4 that: (1) the sampling optimal control based on discrete error expanded system's respose is faster than the PID control and has no overshoot to correct the deviation when there is an initial 5 m height deviation. (2) When there is an initial 5 m height deviation, the PID control first responds backwards, increasing the height deviation to 5.5 m, before the bias begins to decrease. This is due to the positive zero taken by the effect of the elevator direct force. But the sampling optimal control can eliminate the phenomenon of reverse response, because the optimal control will make height or height dot signals feedback to the throttle channel, eliminating the positive zero. (3) In the last 12.5 s, the optimal control can restrain the suppress wake flow disturbance very well, the maximum deviation is within 0.3 m, height error in the ideal landing point is only within 0.1 m, less than 0.7 m landing requirements. When the elements in the matrix c A , c E in the formula (16), are perturbed by 50%, and other simulation conditions are same to the case of no model perturbation. Simulation results are shown in figure 5 . Comparing Fig. 4 and Fig. 5 , it can be seen that the Optimal Control Based on Discrete Sampling of Error expanded System has little difference in two cases, which shows that it is robust to model perturbation, and system can guarantee the landing precision and response ability even under the disturbance of not only perturbation but also wake flow. The PID control effect's change is very large comparing Fig. 4 and Fig. 5 , its robustness is poor.
Conclusions
In this paper, the error state of the discrete linear system is expanded, and the controller is obtained from the error expanded system. This method is used to design the landing continuous dynamics optimal controller under discrete sampling. The simulation results show that the system has good control effect on initial height deviation correction, ship wake flow suppression and anti-model perturbation. And its steady-state accuracy, dynamic performance, robustness is much stronger than the PID control. In addition, this optimal control method can eliminate two non-minimum phase zeros caused by the effect of landing drag curve backside area and the effect of elevator direct force.
